Abstract Interventions that target biological mechanisms of aging have great potential to enhance quality of life by delaying morbidity and mortality.
Introduction
Age is the single greatest risk factor for many diseases including Alzheimer's disease, heart disease, diabetes, and periodontal disease (Kaeberlein 2013a; Eke et al. 2012; Sierra and Kohanski 2017) . Aging is associated with failure to maintain homeostasis resulting from degradation of cellular maintenance and repair processes (Lopez-Otin et al. 2013; De Martinis et al. 2005) . Studies in both mice and humans have shown that activation of the aged immune system results in dysregulated inflammation (Shaw et al. 2013) . By delaying the biological aging process, it may be possible to reduce the impact of age-related diseases, which could have profound benefits for quality of life and reduced healthcare costs (Goldman et al. 2013; Kaeberlein et al. 2015) .
The FDA-approved drug rapamycin, a specific inhibitor of mTOR, is a promising candidate to increase healthspan in people (Johnson et al. 2013a) . Treatment with rapamycin has been shown to enhance longevity in numerous species (Johnson et al. 2015) and to delay or reverse multiple age-associated phenotypes including cancers (Anisimov et al. 2011) , immune senescence (Chen et al. 2009 ), declining muscle function (Bitto et al. 2016; Fischer et al. 2015) , and cognitive decline (Halloran et al. 2012; Majumder et al. 2012 ) in mice. Transient treatment with rapamycin beginning during middle age is sufficient to increase remaining life expectancy in mice by up to 60% (Bitto et al. 2016) , enhance immune response to influenza vaccine (Chen et al. 2009) , and improve cardiac dysfunction in both middle-aged mice (Dai et al. 2014; Flynn et al. 2013; Neff et al. 2013 ) and companion dogs (Urfer et al. 2017a; Urfer et al. 2017b) . Recently, a 6-week treatment with rapamycin derivative RAD001 was reported to rejuvenate and improve immune function in healthy elderly people as measured by response to influenza vaccine (Mannick et al. 2014) .
Periodontitis is an age-associated, bacterial-induced inflammatory disease of the oral cavity, which results in alveolar bone loss and tissue degradation (Darveau 2010; Socransky and Haffajee 1994) . The damage to the periodontium is caused indirectly by the host response to the underlying, predominately anaerobic microbiome. Recent epidemiologic data in the US population assessed through the National Health and Nutrition Examination Survey (NHANES) suggest that more than 60% of adults aged 65 years and older have periodontitis (Eke et al. 2012) , with about 35% of adults developing periodontitis between the ages of 35 and 49 (Eke et al. 2015) . Further, periodontal disease is strongly associated with other agerelated conditions such as heart disease, diabetes, and Alzheimer's disease (Gil-Montoya et al. 2015; Kim and Amar 2006; Razak et al. 2014) . Thus, periodontal disease represents an important health concern among elderly people, for which there is not currently any effective treatment to reverse the condition.
Because rapamycin is the most effective pharmacological agent for improving healthspan in mice (Johnson et al. 2013b; Kaeberlein 2013b ) and has known antiinflammatory (Hurez et al. 2015) and microbiomemodulatory effects (Bitto et al. 2016) , we assessed the impact of rapamycin on periodontal bone levels in aged mice. Mice not only have increased susceptibility to infection-induced periodontal bone loss (Baker et al. 2000) but also like humans, mice exhibit ageassociated periodontal bone loss beginning in young adulthood and continuing throughout life (Liang et al. 2010) . Here, we report that aged mice of two different strain backgrounds have increased alveolar bone levels after receiving rapamycin either throughout life or transiently for 8 weeks.
Results
In order to quantitate periodontal disease in mice, we evaluated alveolar bone levels by high-resolution microCT imaging of the maxilla (Fig. 1) . We compared young (2-3 month) and old (24 month) female C57BL/ 6JNia mice and observed a loss of alveolar bone with age ( Fig. 1 ). This was quantified by the distance between the cementoenamel junction (CEJ) and the alveolar bone crest (ABC) at 14 predetermined maxillary sites, bilaterally (Fig. S1 ).
We next quantified alveolar bone loss in young, adult (9-10 month), and old female C57BL/6JNia mice and in aged mice treated with encapsulated rapamycin (eRAPA) at 14 ppm in the diet for 8 weeks beginning at 22 months of age. A significant reduction in alveolar bone, corresponding to a 55% increase in total distance between CEJ-ABC, was observed in old control mice compared to 9-10-month-old adult mice. Rapamycintreated old mice showed significantly greater alveolar bone levels relative to age-matched controls after 8 weeks of treatment, corresponding to only 35% increase in distance between CEJ-ABC compared to young control animals. Thus, we estimate that 8 weeks of treatment with rapamycin at 14 ppm in the diet from 22 months of age is sufficient to prevent at least one third of the alveolar bone loss experienced by C57BL/ 6JNia mice between 3 and 22 months of age (Fig. 2 , p < 0.005).
Because the influence of rapamycin on age-related periodontal disease has never before been described, and there is no other report of alveolar bone restoration during aging in any animal, we wished to assess the generality of this observation in a second mouse strain.
The National Institute on Aging Interventions Testing Program (ITP) has published several studies showing that dietary eRAPA can increase lifespan in the genetically heterogeneous UMHET3 mouse strain at doses ranging from 4.6 to 42 ppm (Harrison et al. 2009; Miller et al. 2011; Wilkinson et al. 2012; Miller et al. 2014) . We obtained skulls from female UMHET3 mice treated with control chow or with chow including Fig. 2 A single 8 week treatment with rapamycin attenuates alveolar bone loss in aged C57BL/6JNia mice. Female 22-month-old C57BL/6JNia mice were treated with either a control diet or 14 ppm encapsulated rapamycin diet for 8 weeks. MicroCT image analysis indicated less alveolar bone loss in the rapamycintreated mice at the end of the treatment period compared to control animals. Representative images of a control and b rapamycintreated mice after 8 weeks. c Measured periodontal bone levels in 2-3 month young (n = 3), 9-10 month adult (n = 4), 24-monthold control (n = 7) animals, and 24-month-old animals that had received rapamycin for 8 weeks (n = 6). Boxplot shows median, 25th, and 75th percentile, with the whiskers at the 10th and 90th percentile. Total distance was measured from CEJ-ABC buccal and palatal aspect for all mice. Rapamycin-treated animals had significantly greater alveolar bone levels compared to agematched controls (p < 0.005) 42 ppm eRAPA from 9 months of age until 35-37 months of age and examined their alveolar bone levels by high-resolution microCT imaging of the maxilla.
The aged UMHET3 mice had severe tooth wear on the palatal aspect that was not apparent in 24-month-old C57BL/6JNia mice (Fig. 3a, b) , which caused the palatal landmarks to be difficult to identify. This greater palatal degeneration in the UMHET3 may reflect strain background differences or may be due to the later age range at which the UMHET3 mice were analyzed. As a result, only the buccal aspect was evaluated at the eight predetermined sites, bilaterally, for quantitation of alveolar bone levels. As in transiently treated C57BL/6JNia mice, UMHET3 mice treated with rapamycin throughout adult life showed significantly greater alveolar bone levels, corresponding to 25% less total distance between CEJ-ABC, compared to age-matched controls (Fig. 3c , p < 0.005).
Discussion
Periodontal disease is a major health concern among the elderly and may contribute to comorbidities including diabetes, cancers, dementia, and cardiovascular disease. Currently, there is no effective treatment for age-related periodontal disease beyond preventative dental care, periodontal surgeries, and tooth removal, and approaches to prevention are imperfect. In this report, we demonstrate that the geroprotective compound rapamycin improves alveolar bone levels in aging mice. Indeed, mice treated with rapamycin for 8 weeks beginning around 22-24 months of age (roughly the mouse equivalent of 70 years of age in people) show only about half the age-related alveolar bone loss as age-matched controls. Although we cannot definitively state that this short-term treatment with rapamycin induces rejuvenation of alveolar bone levels in the aged oral cavity, due to the lack of longitudinal data for each animal, it is unlikely that this magnitude of effect could be achieved simply be preventing bone loss over an 8-week period. It is noteworthy that rapamycin can extend longevity, improve vaccine response, and enhance cardiac function in mice even when started as late as 20-24 months of age (Chen et al. 2009; Dai et al. 2014; Flynn et al. 2013; Harrison et al. 2009 ), consistent with the idea that it may be able to reverse some of the age-dependent pathology already seen in middle-aged and older mice.
Because rapamycin is provided in the food, we are unable at this time to determine whether its effects on periodontal disease result from local or systemic actions of the drug. It is possible, for example, that periodontal tissues are exposed to rapamycin as food passes through the oral cavity. Given that periodontal disease in the elderly is associated with proliferation of unfavorable bacteria in the oral microbiome, perhaps resulting from chronic inflammation and immune senescence (Preshaw et al. 2017) , we speculate that the beneficial effects of rapamycin treatment seen here result at least in part from restoration of youthful immune function, as has been previously reported from transient treatment with mTOR inhibitors in aged mice (Chen et al. 2009 ) and people (Mannick et al. 2014 ). An alternative, but not mutually exclusive possibility, is that aging induces mTOR hyperactivation in the gingival tissue, perhaps due to changes in the oral microbiome and increased oral inflammation, which is prevented by rapamycin treatment. Future studies examining mTOR signaling in the gingival tissue and local administration of mTOR inhibitors may be able to resolve these questions.
Although this is the first demonstration of a geroprotective agent that can enhance oral health during aging, we predict that other geroprotective interventions may have similar effects on periodontal disease. Consistent with this idea, there is evidence that metformin may help preserve alveolar bone in diabetics (Agarwal 2013) . Additionally, we speculate that senolytic compounds which target and kill senescence cells (Kirkland and Tchkonia 2015) may also be able to improve oral health during aging by reducing systemic inflammatory signals. In this regard, it is worth noting that rapamycin attenuates the pro-inflammatory senescence-associated secretory profile (Laberge et al. 2015; Wang et al. 2017) , which could underlie some of the effects seen here. It will likewise be of interest to determine whether other interventions associated with enhanced lifespan or healthspan in mice, such as acarbose (Harrison et al. 2014) , 17-alpha-estradiol (Harrison et al. 2014) , fasting and fasting mimicking diets (Mattson et al. 2016) , and caloric restriction, can have similar effects.
It is our belief that this work has particularly high translational potential. Periodontal disease, a major health concern in the aging population, and alveolar bone levels are easily evaluated through standard dental examination. Because rapamycin and rapamycin derivatives have been used clinically for many years, safety and dosing are well established and are compatible with short-term treatment in otherwise healthy people (Mannick et al. 2014) . We propose that rapamycin could easily be tested in a clinical population to assess whether it can attenuate periodontal disease and restore youthful alveolar bone levels in older people. If successful, such a demonstration may represent a paradigm shift in treatment of this significant health problem.
Materials and methods

Animal care
Skulls utilized in this study came from previously completed studies, and no additional animals were used for this work. All animal procedures were previously approved by the Institutional Animal Care and Use Committees (IACUC) at the University of Washington and the University of Michigan, in compliance with established Federal and State policies. The carcasses were stored in 10% neutral buffered formalin and then transferred in 1× PBS or 70% ethanol. The heads were then retrieved for alveolar bone analysis. IACUC approval was not needed for scanning, as samples were considered incidental tissue. Detailed information on the studies where the animals were collected is stated below.
C57BL/6JNia mice C57BL/6JNia mice in this study were obtained from the National Institute on Aging Aged Rodent Colony and housed as previously described (Dai et al. 2014) . Female mice arrived at 17 months old and were aged in house to 22 months, at which point they were given either rapamycin-containing diet (14 ppm rapamycin encapsulated in Eudragit, BeRapa,^in LabDiet 5053 chow) or control diet containing the Eudragit encapsulation alone. All animals were monitored daily. After 8 weeks, the animals were sacrificed by cervical dislocation.
UM-HET3 mice
UM-HET3 mice were produced at the University of Michigan using the protocols of the National Institute on Aging Interventions Testing Program (ITP). In brief, genetically heterogeneous UM-HET3 mice were produced by a cross between CByB6F1/J mothers (JAX No. 100009) and C3D2F1/J fathers (JAX No. 100004).
They were housed at four female mice per cage from weaning, and at 9 months of age were given a diet containing encapsulated rapamycin (LC Labs) at 42 ppm (mg of drug per kg of food). Control mice received Purina 5LG6 food without added drug. Mice that died were not replaced, so that cage density declined at older ages. Cages were inspected daily. Date of death was noted for mice found dead, and mice found to be so ill that they were expected to die within the next 24-48 h were euthanized, with the date of euthanasia taken as the date of death for life table calculations. Mice chosen for this study were all females and were selected because they had died at ages between 1054 and 1132 days. Mean age at death for the selected control mice (1070 days) did not differ from that of the selected rapamycin-treated mice (1096 days), to minimize age at death as a possible confounding variable.
Microcomputed tomography
Fixed heads were scanned in a SkyScan 1076 microcomputed tomography (microCT) system at the Small Animal Tomographic Analysis Facility (SANTA) at Seattle Children's Research Institute. Resolutions were at 18 or 35 μm with following settings: 55 kV, 179μA, 360-ms exposure, 0.5 AI filter, 0.7°rotation step, and 3-frame averaging. Raw scan data were reconstructed with NRecon 1.6.9, and three-dimensional (3D) renderings were generated with Drishti 2.4 (Limaye 2012).
Alveolar bone loss assay and landmark 3D rendered images (see Figs. S2-S5 for representative images) were randomized and landmarked by fiveindependent observers. Periodontal bone loss was measured as distance from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC) on eight predetermined landmarks on the buccal surfaces of the maxillary molars and six predetermined landmarks on the palatal surfaces of the maxillary molars. The CEJ-ABC distances were totaled for each mouse through the Drishti software. Landmarks were completed by fiveindependent observers and means were calculated. A two-tailed t test was performed. p < 0.05 was taken as the criterion for significance.
